We gave investigated the pharmacokinetics and pharmacodynamics of propofol in 11 patients with end-stage renal disease (ESRD) compared with nine healthy patients during and after a , respectively). Elimination half-life values were unchanged by renal failure. Mean times to induction of anaesthesia were similar in both groups: 177 (SD 57) and 167 (58) s for the ESRD and control groups, respectively. Waking time after cessation of propofol infusion was significantly shorter in the ESRD group (474 (156) s) compared with the control group (714 (240) s) (P:0.05). Mean plasma concentrations on waking were similar. We conclude that the pharmacokinetic and pharmacodynamic profiles of propofol after infusion were not markedly affected by renal failure. (Br.
Selection of a safe and effective drug regimen for patients with renal impairment can be difficult. Data obtained from studies in subjects with normal renal function cannot with confidence be used to design a drug administration regimen for patients with endstage renal disease (ESRD). Renal failure may influence hepatic drug metabolism either by inducing or inhibiting hepatic enzymes and also by altering protein binding or protein denaturation. 1 2 During disposition may be affected by changes in body fluid distribution and circulatory volume in these dialysed patients. This can induce changes in hepatic blood flow which in turn can alter production and elimination of metabolites. 1 Propofol is used widely as an i.v. anaesthetic agent for both induction and maintenance of general anaesthesia. In healthy patients, propofol has a relatively large volume of distribution and a high total body clearance. [3] [4] [5] The drug is extensively biotransformed in the liver and its metabolites appear to have no pharmacological activity. 6 Since the first report of Morcos and Payne on the disposition of a bolus dose of propofol in four patients with chronic renal failure, 7 Kirvelä and colleagues have concluded that propofol may be used safely for induction of general anaesthesia in patients with renal impairment. 8 Limited information has been obtained on the use of a continuous infusion of propofol in patients with renal impairment for maintenance of general anaesthesia. 9 We have investigated the safety of propofol infusion for induction and maintenance of anaesthesia in uraemic patients, and whether or not its pharmacokinetics and pharmacodynamics were similar in a group of healthy patients anaesthetized in a similar way.
Patients and methods
The study was approved by the Institutional Ethics Committee of the University Hospital and all patients gave informed consent. We enrolled 11 patients, ASA III or IV, with creatinine clearance rates of less than 10 ml min
91
, presenting for arteriovenous fistulae surgery (ESRD group) and 10 patients, ASA I, with normal renal function (group C) undergoing surgery of an expected duration of at least 120 min. These patients did not suffer from cardiac or hepatic dysfunction or obesity (body weight not exceeding 20% of ideal). Patients' characteristics and laboratory data are summarized in table 1. Concurrent therapy was received only by patients in the ESRD group (table 2) . No patient was receiving cytochrome P450 inducers or inhibitors.
All patients were premedicated with diazepam 10 mg orally, 1 h before anaesthesia, except for one patient in the ESRD group who received bromazepam. Electrocardiogram, arterial pressure (by sphygmomanometry measured on a lower limb in the ESRD group) and oxygen saturation (by pulse oximetry) were monitored continuously. Before inductin of anaesthesia, a venous catheter was inserted in the contralateral arm to that undergoing surgery, for infusion of 5% dextrose at a rate of 3 ml kg 91 h 91 and for drug administration until the end of anaesthesia. A catheter was also inserted into the radial artery of the same arm for blood sampling and continuous monitoring of arterial pressure. The lungs were preoxygenated with 100% oxygen and after administration of fentanyl 0.1 mg i.v., anaesthesia was induced and maintained using a three-step infusion regimen of propofol, delivered by a calibrated syringe pump (Ohmeda): 21 mg kg 91 h 91 for 5 min, followed by 12 mg kg 91 h 91 for 10 min and 6 mg kg 91 h 91 until the end of the procedure. The final rate was not altered throughout the study and no supplementary doses were given. A bolus dose of vecuronium 0.1 mg kg 91 was given at loss of consciousness to facilitate tracheal intubation. Ventilation was maintained with 60% nitrous oxide in oxygen and end-tidal carbon dioxide concentration was kept constant at 4-4.5 kPa by adjusting ventilation. Bolus doses of fentanyl 0.05 mg were administered when heart rate or mean arterial pressure increased to more than 30% of preoperative values. If arterial pressure decreased by more than 20% of mean pressure, ephedrine 5 mg i.v. was administered. Dextran 70 000, 6% up to a maximum of 200 ml, was given to ESRD patients at the surgeon's request. The propofol infusion was maintained for at least 120 min according to the length of the procedure, and duration of infusion was noted. At the end of the surgical procedure, neuromuscular block was antagonized when four twitches of the train-of-four response were present at the adductor pollicis muscle. Nitrous oxide was stopped simultaneously with the propofol infusion.
CLINICAL ASSESSMENT Time to induction of anaesthesia was defined as the time from the beginning of infusion of propofol to the absence of response on verbal stimulation. Recovery was assessed by measurement of the time from the end of infusion to when patients opened their eyes and answered standard questions correctly. The total amount of fentanyl was noted as was the time since the last dose to cessation of the infusion and amount of ephedrine and additional fluids given. 10 The assay had an inter-batch coefficient of variation of 3-12% with a limit of detection of 0.002 g ml
. As a quality control, 20% of all sample assays were replicated in a separate batch; differences between assay results were less than 10%. Bi-and triexponential functions of the following form, derived from Colburn, 11 were fitted to the data using the least squares curve fitting program MKMODEL (Holford N. MKMODEL Version 3.36 User Manual, Biosoft, Cambridge, UK, 1988): where Ct:propofol concentration at any time t after the start of the first infusion; ␥1, ␥2, and ␥3:model fitted hybrid rate constants for three exponential phases; these are referred to as ␣, ␤ and ␥, respectively, in the tabulation and reporting of results. T:T1;T2;T3; T1, T2 and T3:times from the start of each infusion to the maximum times for that infusion; t:total time from the start of the first infusion. When (t95), (t915) or (t9T) is not greater than 0, than that function is set to zero. C1, C2 and C3:model-fitted coefficients defining the contribution to the steady state concentration of each exponential phase; 3.5, 2.0 and 1.0:ratios of the three infusion rates to the terminal infusion rate (6 mg kg 91 h
). In all non-linear least squares analysis it is necessary to weight the dependent variable (concentration) data in such a way that the weighted errors for this variable are constant over the full range of the independent variable; these errors include contributions from both the assay and inter-subject variability. 12 Balant and Garrett justify this by showing that the use of equal weights can virtually ignore terminal phase data, if the data range over two or more logarithmic cycles. 12 In our study a weighting of 1/C 2 was used for all data sets. This was confirmed as optimal in a subset of patients; residuals for observed data points from the line of best fit indicated a better fit when using a weighting factor of 1/C 2 compared with 1/C.
The following parameters were derived from the fitted model: Volume of central total dose/ compartment( )
where Ci corr.:fitted coefficients corrected for the infusion duration using the method described by Loo and Riegelman.
Model-independent parameter estimates were calculated to validate the parameters derived from the fitted model and were as follows:
Total body clearance ( (mi)=total dose/AUC Cl ∞ where AUC:area under the propofol concentration curve extrapolated to infinity, calculated using the trapezoidal approximation:
where AUMC:area under the first moment of the propofol concentration curve extrapolated to infinity, calculated using the trapezoidal approximation.
Mean residence time MRT = AUMC / AUC
∞ ∞
STATISTICAL ANALYSIS
The number of patients required to detect a predefined difference in a pharmacokinetic parameter between groups was estimated from data in a previous study. 7 Total body clearance was considered to be the most important variable on which to base calculations. We considered it clinically important to detect a 30% reduction in control mean. With 10 patients per group and a significance level of 5%, the power of the study was estimated as 75% using a standard statistical method.
14 All data are expressed as mean (SD). The data were analysed by the Wilcoxon rank sum test for betwen-group comparisons of pharmacokinetic data and measured data. P values were calculated using PC-SAS version 6.04 computer program (SAS Institute Inc., Cary, NC, USA, 1990). P:0.05 was considered significant. Inter-subject variability difference between groups was tested for the pharmacokinetic data using the F test of Snedecor (SAS/STAT User's Guide, Release 6.03 Edition. Cary, NC: SAS Institute Inc., 1988). Mean arterial pressure and heart rate from induction to 60 min after infusion of propofol between the two groups were compared by analysis of variance (ANOVA) for repeated measurements using the multivariate approach with the pre-induction value in the contrast statement.
Results
For the control group, surgery consisted of lumbar hernia (four patients), varicose vein surgery (two patients), mastectomy (one patient), rhinoplasty (two patients) and laparoscopy (one patient). Anaesthesia was uneventiful in all patients except for one in the control group. In this patient, anaesthesia was continuously too light as a result of technical problems with the infusion pump and all data from this patient were excluded from analysis. Mean body weight in the ESRD group was significantly smaller than that in the control group but there was no significant difference between groups for age or height (table 1) . Patients in the ESRD group had been haemodialysed within the previous 24 h.
Discomfort at the injection site was reported by one patient in each group. Mean duration of infusion was 176 (SD 60) min (range 120-315 min) for the ESRD group and 152 (48) min (120-250 min) for the control group (ns). Patients lost consciousness within 177 (57) s and 167 (58) s after the beginning of infusion in the ESRD and control groups, respectively (ns). The corresponding mean propofol concentration in the ESRD group (4.41 (1.93) g ml 91 ) was higher than that in the control group (3.71 (1.14) g m
91
). This difference was not statistically significant. Patients with impaired renal function opened their eyes significantly earlier than control patients (474 (156) s compared with 714 (240) s, respectively) (P:0.05). Blood propofol concentrations on awakening were not significantly different (0.89 (0.43) and 0.78 (0.33) g ml 91 in the ESRD and control groups, respectively).
Mean time at which patients were able to answer questions correctly was significantly shorter in the ESRD group (978 (258) s) than in the control group (1266 (198) s) (P:0.05). The total amount of fentanyl administered was larger in the control group (0.317 (0.178) mg) than in the ESRD group (0.215 (0.085) mg). However, this difference was not significant. Time from the last fentanyl dose before termination of the propofol infusion (59 (26) vs 64 (21) min in the control and ESRD groups, respectively) was not significantly different between groups. No major haemodynamic instability was detected in either group.
A mean volume of 223 (69) ml of Dextran 70 000, 6% was infused in nine patients in the ESRD group. Two patients in both groups received ephedrine (up to a total of 20 mg for each patient in the ESRD group). In the control group, one patient received ephedrine 5 mg and one 10 mg. Heart rate did not differ between groups except at 10 and 60 min after induction of anaesthesia. There was no difference between groups in mean arterial pressure.
PHARMACOKINETICS
Changes in mean blood concentration of propofol with time, during and after infusion, followed a similar pattern in both groups (figs 1, 2). After an initial peak concentration of 5 g ml 91 at 5 min after the start of infusion, the profile reflected the changes in infusion rate; changes in mean concentration from 12 min onwards were small ( fig. 1 ). After termination of the infusion, propofol concentrations declined curvilinearly with time ( fig. 2) . Two-and three-compartment models were fitted to the full propofol concentration profile for each patient. These were compared by reference to the Schwarz criterion and by inspection of the residuals of the observed data from the line of best fit. 15 For three patients in each group, the preferred model was two compartment as three phases could not be defined with confidence.
Individual values for the pharmacokinetic parameters are shown in table 3 for both model-dependent and model-independent analyses. To eliminate bias cause by the patient's weight, the appropriate pharmacokinetic data were analysed with adjustment for body weight. Estimates of propofol clearance were similar for both analyses. There was no significant difference between ESRD and control patients for any of the pharmacokinetic parameters. The F test of Snedecor showed no inter-subject variability difference between the groups tested for clearance but there was a significant difference in variability for the volumes of distribution (table 3) .
Discussion
Clearance of propofol is predominantly metabolic as little or no unchanged propofol is detected in excreta 16 ; this emphasizes the importance of the liver in the clearance of propofol. 3-5 17 In patients with renal failure, hepatic drug metabolism may be increased, decreased or remain unchanged. 1 ). 3 18 19 This indicates that the infusion dose requirements of propofol in ESRD patients are similar to those in patients with normal renal function. Extrahepatic mechanisms for clearance of propofol have been thought to explain values in excess of the total blood supply to the liver. 7 20 21 The fact that there was no significant reduction in total body clearance in the ESRD group in this study suggests that clearance by the kidney, if present in humans, is not contributing significantly to the clearance of propofol. It is interesting to note that the sheep kidney has been observed to convert a metabolite of propofol (probably propofol glucuronide) into propofol 22 ; data from our study suggest that this is unlikely to occur in humans. The medications received by the ESRD group did not appear to influence the pharmacokinetics of propofol.
The volume of the central compartment, V1, was similar in the two groups (0.13 (0.067) vs 0.12 (0.039) litre kg 91 for the ESRD and control groups, respectively) but was at the lower end of the range reported previously (0.12-0.42 litre kg
91
). 3 18 19 This probably resulted from a combination of the high frequency of sampling during the early period of the infusion 23 and the use of arterial blood. Arterial blood sampling was chosen in this study because it is considered to be the most appropriate when performing pharmacokinetic modelling and pharmacodynamic assessments. 24 25 Plasma expansion fluids were given in the ESRD group but not in the control group. However, the amounts given were small in these chronically haemodialysed patients with restricted fluid intake and it is considered that the difference would be unlikely to affect the volume of distribution substantially, as intravascular volume is only a small part of the volume of distribution of propofol.
The mean value for V ss in our control patients (5.8 litre kg
) was somewhat higher than that reported in other studies of propofol infusions with a similar sampling duration (1.8-3.6 litre kg 91 ). 18 19 26 27 The mean value for V ss in the ESRD group (11.3 litre kg
) was higher than that in the control group Figure 2 Mean (SD) blood concentrations of propofol (logarithmic scale) after infusion of propofol in the end-stage renal failure (ESRD) and control groups. In the right corner of the graph (inset), the first 20 min after infusion cessation are magnified. ). This difference was not statistically significant, possibly as a consequence of the significantly larger inter-subject variability in the ESRD group (F test of Snedecor). V ␥ , V ss and the terminal half-life values for propofol in our study were smaller than those observed previously in patients with chronic renal failure. 8 9 This may be because of the longer sampling period after administration of propofol (24 h) 28 or the sampling site used. 25 Chiou has pointed out that profiles of concentration in blood or plasma from different sampling sites can lead to calculation of widely differing pharmacokinetic parameters and that venous concentration data may grossly misrepresent the true distributive and terminal phases of a drug in the body. 25 The total sampling duration was clearly inadequate to define T1/2 ␥ with confidence in all subjects; it has been suggested that estimated values of this half-life tend to increase with sampling duration 28 and this is consistent with the very long T1/2 ␥ value reported by Albanese and colleagues (1878 min) when sampling for 72 h after infusion. 29 However, no trend in T1/2 ␥ values was observed over a range of infusion sampling time (677-3090 min) by Bailie and colleagues. 30 In view of the difficulties of defining T1/2 ␥ with confidence and the difference between subjects in both groups in the number of exponential phases required to define the elimination kinetics, MRT values have also been compared between groups. There was no significant difference between groups for this parameter.
The propofol concentration associated with loss of consciousness was comparable with values reported in unpremedicated patients (2.09-4.4 g ml 91 ) [31] [32] [33] ) and was therefore unexpectedly high in our group of premedicated patients. Recovery times in the ESRD patients were significantly shorter than those in the control patients. The amount of fentanyl given during the infusion was larger in the control group. This could have contributed to the difference in recovery times between groups. But this is unlikely as propofol concentrations at eyes open were similar in both groups and were in good agreement with published data (approximately 1 g ml 91 ).
19 26 Vuyk and colleagues demonstrated that return of consciousness is caused mainly by a reduction in the effect site propofol concentration and less by fentanyl decay. 33 Interestingly, Nathan and colleagues also noted a trend to a shorter emergence time in their uraemic group compared with control patients. 9 There was no major haemodynamic instability justifying interruption of the infusion. This may have been because of the slow infusion rate used for induction. Peacock and colleagues demonstrated that in elderly patients, the slower the infusion rate the smaller were the decreases in arterial pressure. 34 Our infusion rate corresponded to a dose of 1.75 mg kg 91 over a 5-min period for induction of anaesthesia, which is lower than the standard induction dose used in clinical practice. Nevertheless, during anaesthesia, treatment with ephedrine to restore haemodynamic stability was more frequent in the ESRD group (total amount given 4 (8.4) mg) than in the control group (1.7 (3.5) mg) (ns). We believe that this was related to the volume status of these haemodialysed patients.
In summary, the pharmacokinetics of propofol infusion were similar in ESRD and control subjects. In particular, propofol clearance, which determines the steady state concentration during infusion, was unchanged in subjects with end-stage renal failure. This suggest that the kidney is not involved substantially in the extrahepatic metabolism of propofol. The manually controlled three-stage infusion to supplement nitrous oxide resulted in a satisfactory state of surgical anaesthesia in almost all patients, whether or not renal function was impaired. In both ESRD patients and patients with normal renal function, it is important that careful dose titration is used when administrating propofol by infusion.
